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DurFng the hafi~-q.itiea tests of a C-%D airplane, it was 
. found that the  f r ic t ion in the  control system was about  double the limits 

of the and Ravy requiranments f o r  s t ab i l i t y  and control. 'Ihe f r i c t i o l  
was reduced t o  about one-- of the Army-Navy l h i t s  by remov3ng the 
automatic-pilot s e m o - d t s ,  and t h i s  investigation was conducted t o  
determine the effects of reducing  the f r f c t i m .  Time histories of normal 
landings and of attempts t o  bracket the edges of a radio beam =e presented 
both with the servo-units in and out. ExaminatLon and ccm@ariaon  of the 
time histories with high and low f r ic t ion  reveals that friction was partic- 
ulasly troublesome in  precis ian flying involving small  control  displacemslts 
because Wrth high  friction  control movement did not necessarily follow all 
force  applications. The comgarisan also shorn that the friction  requires 
excessLve physical exertion on the  part  of the pilot .  The control system 
with  approximately double the  friotian allawed by We Army-Navg require- 
ments w a s  unsatisfactory f o r  pmcision  flying, whereas the control system 
with approxlmately one-half the specified  friction was satisfactory. 

An investigation was conducted on a C-54.D airplane to  determine 
whether new o r  revised  handling-qualities requirements were needed t o  
cover the problem of precisian  flying of Isrm aircraft. During this 
investigation, as reported in reference 1, it was found that the f r ic t ion  
in the  control system w a s  quite high. The pilots objected t o  this high 
f r ic t ion  because considerable  physical  effort was required to f l y  the 
airplane and s m a l l  control  corrections were d i f f icu l t  t o  apply accurately. 
A t  t he   sums t ion  of the A i r  Transport  Association aubcomnittee an 
U i n g  qualities,  the  hydraulic servo-units of the  automatic p i l o t  were 
removed in an attewt to reduce the f r ic t ion  in the control system. Results 
of a test program are presented t o  show the effecte of excessive  friction. 
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TESTS AND RESULTS 
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The control  fr iction was measured, both in f l i gh t  and on the wound, 
by slowly mving the controle back and f o r t h  and recording the control 
forces and control-surface angles. The friction  force was equal t o  m e -  
half of the algebraic  difference  in  the  forcee measured while moving the 
control through neutral in  opposite  directions where pull  and right forces 
were considered plue, and push and left-forcea,  minus. The control-cable 
tension with the servo-units removed was made the same as with the semo- 
units installed. 

The f r i c t ion   i n  tple control system, &a measured a n .  the ground, is 
show i n  the following  table: 

I 
Friction measured 011 ground 

C0n”ol Servo -uni t s Servo-unite 
installed removed 

0 s  1 ( l b s  1 
mevator 
Ailerm 

4 i 1.5 14 2 1.3 

9 * 3  22 2 3 Rudder 
3 i - 1  13 -1‘ 1 

. i f557 
The f r ic t ion  as measured in f l ight’  is presented i n  the following 

table : 

Friction measured in  f l i gh t  

Control Servo-units Servo-units 
installed removed 

(lbs) 1 
Elevator 
Aileron 

6 2 4  15 f 4 

7-1-4 30 f 4 Rudder 
2 2 2  12  f 2 
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W i t h  the servo-units installed, the ccmtrol f r ic t ion  was roughly 
double that allowed in the reqgirem&nts of references 2 and 3. 
requirements are as follows : 

F,levator 
Aileron 
Rudder 

8 
6 T 
15 

Those 
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With t he  servo-units removed, the cmtrol f r ic t ion  m a  w e l l  withFn 
the limits 

Several  flight  canditions were investigated  both with the  servo- 
units in asd with  the  servo-units out. P i w e  1 presents time h i s t o r i e s  
of the  control forces  and control movemnts during typic&. beam-bracketing 
opergtions, with the two different magnitudes of friction.  Figure 2 
presents time histories of typical normal power-off landinga with the two 
different magnitudes of frictian. 

DISCUSSION 

Ln the opinion of the  pi lots ,   precis ian  f lyhg in the t e s t  afrplase 
w&8 di f f icu l t  wlth the automatic-pilot  servo-units installed. For 
flight-path  corrections Fnvolving large  control displacements, the high 
f r ic t ion  was undesirable in that it added to the aerodyn8mic cmt ro l  
forces and thereby Fncreased the  physical  effort involved. For the small 
control  displacemsnts  necessary in precision  flying, where the aemaynamic 
forces were in the of friction, pilots found it impossible t o  apply 
accurats smal l  control  correctiozu because, when suPficient force was 
applied t o  break the static  fr iction,  the  control jumped t o  a new position. 
The amount that the control jmgmd W&E a function of the   f lex ib i l i ty  of 
the  control system, the difference betwesn the s ta t i c   f r i c t ion  and kinetic 
friction, md the inertia of the system. The pilots attempted to m i n i m i z e  
t he  jumping tendency by applying  forces of short duration,  judging the 
amount of control by the response of the a m l a n e .  P i l o t s  do not l ike  to 
f l y  this way but prefer  to  anticipate the airplane's response by the m m t  
of control  force  applied. 

The high  frfction in the  control system also prevented the control 
from returning con@letely t o  i ts  trim position following any &isplacement. 
The angular motion of the airplane  continued when the control was relemed 
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and comequently the control had t o  be returned t o  its trim position by 
the pilot .  

The Bmau aerodynaanic forces near trim were masked by the high 
friction, and therefore it was di f f icu l t   to  t r i m  the aerodynamic forces 
accurately t o  zero. Without the aerodynamic forces trimmed to  zero, the 
controls  crept fram their  desired  position and repeated  control  appli- 
cation was neceseary to  reestablish the desired attitude. 

'The preceding co3lsiderations indicate that the  act  of pilottng with 
high f r ic t ion  In the control system becomes a continual  process of quick 
force  applications w h i l e  moving the  control v e r y  l i t t l e .  An example i s  
presented in  figure 1 which shows comparable time h is to r i es  of beam- 
bracketing  operations wlth high and lox f r ic t ian.  The continual  process 
of quick force  applicatiom  with high f r ic t ion it3 immediately apparent i n  
figure I ( a ) .  

The elevator force varies continually xith l i t t l e  motion of the 
elevator; the aileron force, especially around 28 seconds and 46 seconds, 
varies without motion of the ailercns, snd the rudder  force,  especially 
.mound 16 and 46 seconds, varies with l i t t l e  movement  of the  rudder. 
In  figure l(b)  the  continual qui'ck force  applications are nearly absent. 
The physical effort put forth by the p i lo t  is therefore considerably 
increased when f r ic t ian is present. 

Aside from the standpoint of lee8 physical work f o r  tjhe pilot,  there 
is the more important oomideration of malrlng the cmtrol  deflection 
follow closely the ccrntrol form. Figure 2, which presents tims h is to r i es  
of power-off landlnga with high cand low control  friction, shows how 
excessive  friction can destroy the reepome of the cc~ltrol surfme t o  
applications of force at  the control oolmm. An equal amount of physical 
effor t  was lnvolved in both landings, but the increased f r ic t ion in 
figure 2(a) over that in figure 2(b) waa sufficient  to eliminate any corm - 
lat ion between the respective  cantrol  forces and deflections. 

For precision flying, the atrplane with high f r iot ion in the control 
system was unsatisfactory fram the Controllability  standpoint while the 
airplane with low f r ic t ion  was ccrmpletely satisfactory. The pilot's 
O p i n i w  substantiated this COnclUeia. 

Tests were not made of the servo-units themselves t o  &termine -ahether 
high f r ic t ion  was inherent in  the desi@ o r  whether it was due to improper 
installatian of the units. It is f e l t ,  however, that more attention should 
be given t o  the reduction crf f r ic t ion  In tho design and installation of 
automatic-pilot  servo-units. 
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CoNCmIms 

F r o m  the results of thia  investigation, it may be concluded that: 

1. High f r ic t ion  in the control system impairs the response of the 
control surface t o  an application of force at t h e  control colum t o  sucks 
an extent as t o  d e  precision flying extremely difficult .  

2. High control  fr iction requires excessive pbs ica l   exer t ion  on the 
part  of the  pilot. 

3 .  A control system with double the f r ic t ion  1-t Bpecffied by the 
Army and Raw was unsatisfactory f o r  precisian flsLng, whereas a control 
sys tea  with one-half the f r ic t ion   l imi t  waa eatiafactory. 

Langley Aeronautical Laboratory 
N a t i o n a l   advisor;^ C a n n n i t t e e  f o r  Aeronautics 

Langley Field. Ba. 
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(a) Automatic-pilot servo-units installed. 

Figure 1. - Time history of a beam-bracketing operation. c-% airplane, dean Condition, 
200 miles per hour. 
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(b) Automatic-pilot servo-units removed. 

Figure 1.- Concluded. 
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(a) Servo-units installed. 
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(b) Servo-units removed. 

Figure 2.- Concluded. 
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